Summary. Bound sialic acids on rat spermatozoa were assayed by oxidation with 1 mMNaIO4 at 0\ s=deg\ C, liberating C-9 as formaldehyde which was further quantitated using 3 \ x = r e q -\ methyl-2-benzothiazolinone. The mean \ m=+-\ s.d. (n = 20) content of bound sialic acids of spermatozoa from the caput and cauda epididymidis was 50\m=.\9 \m=+-\ 8\m=.\0and 25\m=.\2 \m=+-\ 3\ m=. \ 8 nmol/108 spermatozoa respectively. About 85% of the former and 75% of the latter could be extracted by 1% Triton X-100 and 2 mM-dithiothreitol. About 70% of the former and 20% of the latter were released by neuraminidase from Vibrio cholerae. About 40% of the former and 30% of the latter were sensitive to trypsin. During sperm maturation, the decrease in the total bound sialic acids was due to the decrease in the neuraminidase-sensitive but not the neuraminidase-resistant sialic acids.
Introduction
The previous chemical method to assay sialic acids bound to spermatozoa (Gupta, Rajalakshmi, Prasad & Moudgal, 1974; Rajalakshmi et al, 1976) requires prior liberation of the residues by acid hydrolysis, followed by quantitation of the free sialic acids using thiobarbiturate (Warren, 1959) . One major drawback of this method is that the acid treatment of intact cells also releases other cellular components such as 2-deoxyribose (Warren, 1959) , glycosides and fatty acids (Kuwahara, 1980) that can interfere with the subsequent thiobarbiturate reaction. To override the interference, a correction control is needed (Rajalakshmi & Prasad, 1968) . To eliminate the interference, additional purification or extraction of the free sialic acids is required (Warren, 1963; Svennerholm, 1963; Roboz, Suttajit & Bekesi, 1981) .
To avoid this problem, we have chosen a new and simple method of Massamiri, Durand, Richard, Feger & Agneray (1979) that can assay bound sialic acids without prior release of the residues. It involves a mild oxidation with periodate to liberate C-9 from bound sialic acids as formaldehyde which is quantitated colorimetrically by using 3-methyl-2-benzothiazolinone (MBTH). Using the MBTH-method, changes in surface-bound sialic acids of spermatozoa during epididymal transit have been studied.
for 15 min at 4°C and followed by resuspension in ice-cold PBS. The final sperm suspension was then inspected under a phase-contrast microscope and was found to be free from other cells and cell debris. A sperm count was taken after each washing by using a haemocytometer.
To determine bound sialic acids, spermatozoa (15 x 106/ml) were incubated in PBS with freshly prepared NaI04 solution (1 mM) in darkness at 0°C (ice bath) with constant shaking for 15 min. The total volume was 4 ml. After the periodate oxidation, the cells were removed by centri¬ fugation at 600 g for 15 min at 4°C. The supernatant fluid was quantitatively recovered and the formaldehyde content in the fluid was determined by using MBTH (Eastman Kodak, New York, U.S.A.) according to the method of Massamiri et al (1979) . A sperm-free sample incubated with NaI04 and treated identically was used as control. The control value was relatively small but was always subtracted from the experimental value. A standard curve was constructed using /v'-acetylneuraminic acid (Sigma, St Louis, U.S.A.). Between 10 and 50 nmol /V-acetylneuraminic acid, the absorbance at 625 nm increased linearly with a slope of 0016 optical density unit per nmol Nacetylneuraminic acid.
To remove plasma membrane and mitochondrial sheath, the washed spermatozoa were treated with 1% Triton X-100 and 2 mM-dithiothreitol in 50 mM-Tris-HCl, pH 6-8, at 25°C for 30 min with constant shaking according to the method of Olson & Sammons (1980) . The treated spermatozoa were collected by centrifugation at 600 g at 4°C for 15 min and washed 3 times with PBS. The appearance of the treated spermatozoa was verified under a phase-contrast microscope. Sperm count was redetermined after the final washing.
For enzyme treatments, the washed spermatozoa were incubated in PBS with various amounts of neuraminidase (Vibrio cholerae; Calbiochem, La Jolla, U.S.A.) at 37°C for 30 min or trypsin (Sigma) at 25°C for 30 min. The total volume of the incubation was 2 ml. After the incubation, the enzyme-treated spermatozoa were collected by centrifugation at 600g at 4°C for 15 min. They were washed 3 times with PBS. Under a phase-contrast microscope, the neuraminidase-treated spermatozoa appeared intact but the trypsin-treated sample showed heads detached from tails. Whole spermatozoa, heads or tails were re-counted after the final washing and no appreciable loss was encountered.
Results
To assay the bound sialic acids of rat epididymal spermatozoa by the MBTH-method which was developed for red blood cells (Massamiri et al, 1979) , two conditions had to be established. (1) It was necessary to determine the minimal concentration of NaI04 for complete but specific peroxidation of the C-9 of the bound sialic acids into formaldehyde. Under the assay condition, the minimal concentration of NaI04 for the spermatozoa was 1 mM while that for human red blood cells was 0-6 mM (Text- fig. 1 ). The latter compared favourably with the literature value of 0-5 mM (Massamiri et al, 1979) . Therefore, 1 mM-NaI04 was used for the assay of sperm-bound sialic acids. (2) The epididymal spermatozoa had to be washed free from the sialic acid-rich epididymal fluid. It was found necessary to wash the spermatozoa with PBS 3-5 times to remove progressively the loosely bound sialic acids in order to obtain a constant value for the sperm-bound sialic acids (Table 1) . When the spermatozoa were first washed by centrifugation through a layer of 10% Ficoll in PBS, the assay was not satisfactory due to some unknown interfering factor from the Ficoll solution. If the spermatozoa were then washed another 4 times with PBS, values similar to those in Table 1 were obtained. Therefore 5 times-washed spermatozoa (without Ficoll) were always used in this study.
Although there were variations among individual rats, the mean ± s.d. (for 20 rats) content of sialic acids bound to the spermatozoa from the cauda epididymidis (25-2 ± 3-8 (range 19-6-30-8) nmol/108 spermatozoa) was about half of that found in spermatozoa from the caput (50-9 ± 8-0 (range 40-3-63-7) nmol/108 spermatozoa (Massamiri et al, 1979) .
When spermatozoa were treated with Triton X-100 and dithiothreitol which are known to remove the plasma membrane and mitochondrial sheath (Olson & Sammons, 1980) , about 85 and 75% of the bound sialic acids were removed from the caput and the cauda epididymal spermatozoa respectively (Table 2) .
To test whether the bound sialic acids of the spermatozoa were sensitive to enzymic digestion, neuraminidase and trypsin were selected for pre-treatment of the spermatozoa. When added in excess, neuraminidase can release about 70% of the bound sialic acids from the caput epididymal spermatozoa. However, slightly less than 20% of the sialic acids bound to the cauda spermatozoa was found to be neuraminidase-sensitive. Furthermore, the amount of neuraminidase-resistant sialic acids of the spermatozoa from the cauda epididymidis was slightly higher than that of the cells from the caput region (Text- fig. 2a ).
The bound sialic acids were also sensitive to tryptic digestion (Text- fig. 2b ). Again, a larger amount of sialic acids was released from spermatozoa from the caput (40%) than the cauda (30%) epididymidis when an excess of trypsin was used.
Under the conditions of the enzyme treatments, the protein profile of the trypsin-treated spermatozoa analysed by SDS-gel electrophoresis was different from that of untreated control spermatozoa which was identical with that of the neuraminidase-treated spermatozoa, suggesting that there was no protease contamination in the neuraminidase used.
Discussion
After treatment with periodate, compounds containing two or more hydroxyl or keto groups attached to adjacent carbon atoms undergo oxidation with cleavage of C-C bonds. The C-C bonds of the polyhydroxy side chain of sialic acids are more easily cleaved than are the bonds in the pyranose ring. Therefore, specifically and completely to liberate C-9 of sialic acids as formaldehyde, it is essential to use very mild conditions, i.e. low temperature, low NaI04 concen¬ tration, short incubation time and neutral pH. The minimal concentration (1 mM) of NaI04 to achieve maximal liberation of formaldehyde from rat epididymal spermatozoa is higher than that (0-6 mM) for human red blood cells (Text- fig. 1 ), reflecting the different microenvironments around the sialyl residues of the two cell types.
The sialic acids assayed by this technique should represent both sialoglycoproteins and sialo-glycolipids of the spermatozoa. These two classes of compounds are mainly found associated with the plasma membrane or cell surface but some is associated with intracellular membranes or organdíes (Hughes, 1976) . That the majority of the assayed sialic acids is bound to the sperm surface is supported by two facts. Firstly, the low temperature of the NaI04 oxidation (0°C) will prevent the passage of NaI04 through the plasma membrane, minimize membrane damage and allow only externally exposed sialic acids to be oxidized (Gahmberg & Andersson, 1977) . Secondly, the fraction of the sialic acids sensitive to protease-free neuraminidase attack (Text- fig. 2a ) should be orientated externally. However, the presence of a large amount of sialic acids in the epididymal fluid has necessitated washing of the spermatozoa before the sperm-bound sialic acids can be assayed. One way to ensure the complete removal of the fluid content and of sperm-coating material from the sperm surface is to wash until a constant value of the sialic acids is obtained ( fig. 2a ) must have an a-ketosidic linkage (Yu & Ledeen, 1969) and a free carboxyl group at C-l (Karkas & Chargaff, 1964) . O-Acetylation on C-4, C-7 or C-8 (Pepper, 1968; Schauer & Faillard, 1968; Schauer, 1970; Neuberger & Ratcliffe, 1972) , bulky TV-substitution (Hakomori & Saito, 1969) , a shortened polyhydroxy side chain (Suttajit & Winzler, 1971) or masking will make the sialic acids resistant to neuraminidase. Our data suggest that the multiple forms of sialic acids may be bound to rat epididymal spermatozoa.
The sialic acid contents of the unwashed rat spermatozoa (Table 1) (1959) . The observed decrease in total sperm-bound sialic acids during sperm maturation agrees with that of Gupta et al (1974) . The decrease is not an artefact of washing since it has been observed for unwashed (presumably intact) spermatozoa or at any step of washing (Table 1) . It is also unlikely to be due to a permeability difference because NaI04 oxidation has been performed at 0°C to prevent the passage of NaI04 across the plasma membrane. However, our finding on the decrease in the neuraminidase-sensitive sialic acids (Text- fig. 2a ) differs from that of Holt (1980) who has shown an increase in the neuraminidase-sensitive sialic acids of ram spermatozoa during maturation. This could be a genuine species difference, but the bound sialic acids on ram spermatozoa have been studied by cytochemistry using colloidal iron hydroxide at pH 1-8 in conjunction with automatic image analysis : as the Ka of C-l carboxylic group of free sialic acid is 2-75, only about 10% of the sialic acids will be negatively charged at pH 1 -8 and hence detected by binding of colloidal iron hydroxide (Hughes, 1976) . Since 90% of the sperm-bound sialic acids can be missed by the colloidal iron binding, the technique seems less satisfactory than our direct chemical assay. Furthermore, neuraminidase-resistant sialic acids, if also present in ram spermatozoa, will also be missed by the technique used by Holt (1980) . Among the complex changes in the sperm membrane during epididymal transit (for reviews see Bedford & Cooper, 1978; Koehler, 1981) , an increase in negative charge has long been known (Bedford, 1963 ). An increase in bound sialic acids has been suggested as responsible for the enhanced negative charge in mature spermatozoa (Nicolson, Usui, Yanagimachi, Yanagimachi & Smith, 1977 (1977) . In rat spermatozoa, at least, the bound sialic acids decrease rather than increase during maturation. This is true for both unwashed (presumably intact) and washed rat spermatozoa ( 
